The behaviors that define autism spectrum disorders (ASDs) have been hypothesized to result from disordered communication within brain networks. Several groups have investigated this question using resting-state functional magnetic resonance imaging (RS-fMRI). However, the published findings to date have been inconsistent across laboratories. Prior RS-fMRI studies of ASD have employed conventional analysis techniques based on the assumption that intrinsic brain activity is exactly synchronous over widely separated parts of the brain. By relaxing the assumption of synchronicity and focusing, instead, on lags between time series, we have recently demonstrated highly reproducible patterns of temporally lagged activity in normal human adults. We refer to this analysis technique as resting-state lag analysis (RS-LA). Here, we report RS-LA as well as conventional analyses of RS-fMRI in adults with ASD and demographically matched controls. RS-LA analyses demonstrated significant group differences in rs-fMRI lag structure in frontopolar cortex, occipital cortex, and putamen. Moreover, the degree of abnormality in individuals was highly correlated with behavioral measures relevant to the diagnosis of ASD. In this sample, no significant group differences were observed using conventional RS-fMRI analysis techniques. Our results suggest that altered propagation of intrinsic activity may contribute to abnormal brain function in ASD.
Introduction
Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by impaired social interaction and communication, repetitive behaviors, and restricted interests. ASD currently affects ∼1% of the population, and its prevalence is rising (Wingate and Baio 2014 ). Yet, the pathophysiology of ASD remains poorly understood. Several studies have sought to characterize disordered brain function in ASD using functional connectivity (FC) analysis of resting-state functional magnetic resonance imaging (RS-fMRI) (Uddin et al. 2013) . Resting-state functional connectivity (RS-FC) is contingent on the fact that intrinsic brain activity is temporally synchronous within functionally related systems (Biswal et al. 1995; Buckner et al. 2011; Power et al. 2011; Thomas Yeo et al. 2011; Choi et al. 2012) . Synchronicity of intrinsic activity is widely referred to as FC; the associated topographies are known as resting-state networks (RSNs) (Beckmann et al. 2005; Fox and Raichle 2007; Biswal et al. 2010) . RSNs recapitulate the topographies of fMRI responses to a wide variety of sensory, motor, and cognitive paradigms (Cordes et al. 2000; Smith et al. 2009 ). However, implicit in conventional FC analyses is the assumption that intrinsic activity is exactly synchronous within RSNs. Thus, conventional analyses model RS-fMRI time series as a combination of network processes that evolve over time (Beckmann et al. 2005; Cordes and Nandy 2006) , but such analyses make no provision for the possibility that intrinsic activity may propagate from region to region.
We have recently described an alternative analysis technique, which explicitly focuses on apparent propagation in rs-fMRI data (Mitra et al. , 2015 Yuste and Fairhall 2015) . Using this technique (see Methods; Fig. 1 ), we previously demonstrated, in awake, normal humans, that the blood oxygen level dependent (BOLD) signal exhibits highly reproducible temporal lag patterns on a time scale of ∼1 s; some regions are systematically early with respect to the rest of brain, whereas other regions are systematically late (Mitra et al. , 2015 . We have also shown that the lag structure of RS-fMRI data is composed of multiple temporal sequences (Mitra et al. 2015) and that lag structure can be focally altered by experimental manipulations of behavioral state . We operationally infer apparent propagation on the basis of measured temporal lags, assuming nothing regarding the path or mechanism by which BOLD signals "propagate" between regions. In particular, the temporal scale of this phenomenology is much slower than axonal transmission via fiber tracts (Caminiti et al. 2009) . With this understanding, we omit "apparent" in future references to BOLD signal propagation.
Here, we report RS-LA as well as conventional analyses of RS-fMRI data acquired in 23 high-functioning young adults with ASD. Control data were acquired in 23 demographically matched typically developing (TD) individuals. Group comparisons revealed focally altered lag differences in frontopolar cortex, occipital cortex, and putamen. Moreover, these ASD vs. TD differences strongly correlated with behavioral measures relevant to the diagnosis of ASD.
Methods

Participants
A total of 54 right-handed participants (28 high-functioning ASD individuals and 26 typically developing [TD] control subjects) were enrolled. Exclusion criteria included history of brain trauma or seizures and/or severe hearing/visual/physical disabilities. All ASD probands were verbal, and their diagnoses were established using: 1) developmental history obtained by expert an clinician; 2) parent-report ratings of current symptom burden using the Social Responsiveness Scale (SRS) (Constantino and Gruber 2012)-this was obtained on all subjects in the study including TD participants, as a measure of quantitative variation in autistic social impairment, ranging from subtle, subclinical autistic-like traits to clinical-level symptomatology; 3) Autism Diagnostic Observation Schedule (ADOS [Gotham et al. 2009 ], obtained for all ASD subjects by trained, research certified raters); and 4) expert clinician diagnosis according to DSM-IV, derived from the information gathered in 1-3. Nineteen of the 23 ASD subjects used in the final analysis (see below) additionally had a standardized developmental history acquired using the Autism Diagnostic Interview-Revised (ADI-R, [Rutter et al. 2003 ])-in all cases these assessments agreed with expert clinician diagnosis of an autism spectrum disorder (ASD). For the purposes of this study, we define "verbal" as operationalized by the Clinical Evaluation of Language Fundamentals (CELF) questionnaire (see Table 1 ). All non-ASD subjects were recruited from the community; they underwent full diagnostic screening to confirm non-ASD status if their SRS score was >60T. Several subjects were excluded due to rigorous limits on head-motion-related artifact (see Additional fMRI Data Preprocessing). The final dataset upon which all subsequent analyses were based consists of the data from a total of 46 subjects: 23 high-functioning ASD and 23 TD controls, described in Table 1 . All experimental protocols were approved by the Human Research Protection Office at Washington University School of Medicine.
fMRI Data Acquisition
All imaging was performed with a 3T Siemens Tim Trio equipped with the standard 12-channel head coil and product sequences. Each subject provided 2 or 3 6-min resting-state fMRI runs (32 contiguous slices, 4 × 4 × 4 mm voxels, TE 27 ms, TR 2.2 s, 164 volumes) depending on tolerance. Subjects were instructed to simply lie still with their eyes closed and remain awake. Maintained wakefulness was confirmed by verbal inquiry immediately after each fMRI run. Structural imaging included 1 T1-weighted MP-RAGE (160 slices, 1 × 1 × 1 mm voxels) and 1 T2-weighted fast spin-echo (coverage and resolution matched to the fMRI).
Initial fMRI Data Preprocessing
Initial preprocessing generally followed our previously described pipeline (Shulman et al. 2010) . Briefly, this pipeline includes correction for asynchronous slice timing, realignment to correct for head movement within and across fMRI runs, and intensity scaling to achieve a whole-brain mode value of 1000. fMRI image distortions were corrected using the FUGUE module in FSL (Jenkinson et al. 2012) . Since field maps were not acquired in individuals, field maps were approximated using the technique described by Gholipour et al. (2008) . Distortion correction and motion correction were combined in one resampling step to generate volumetric time series in Talairach atlas space (3-mm cubic voxels).
Additional fMRI Data Preprocessing
Additional preprocessing in preparation for RS-FC and RS-LA analyses included frame censoring and de-noising. Frame censoring was computed using the DVARS measure (Smyser et al. 2010; Power et al. 2012 ). It has recently been shown that de-noising can lead to "cosmetic" improvements, that is, frames with improved DVARS values harboring retained artifact (Power et al. 2014) . Therefore, frame censoring was computed before de-noising. Data from subjects with <150 retained frames were not further analyzed. The fraction of censored frames in the analyzed data was 27.1% ± 13.4% and 23.2% ± 15.8%, respectively, ASD and TD groups. There was no statistically significant difference in the mean DVARS values post-censoring between the TD and ASD groups ( Supplementary Fig. S1 ). The retained frames were voxelwise-made zero-mean but not otherwise temporally or spatially filtered. De-noising then proceeded using a combination of strategies similar to those previously described by others (Behzadi et al. 2007; Bianciardi et al. 2009; Giove et al. 2009; Chai et al. 2012 ). Nuisance regressors were derived from white matter and ventricle masks, segmented in each individual using FreeSurfer (Fischl 2012) , and spatially resampled in register with the functional data. In greater detail, the FreeSurfer-derived masks were subdivided into cubes (5 or 3 voxels per side in white matter or ventricles) from which multiple time series were extracted; these time series then were orthogonalized and dimensionality-reduced using singular value decomposition (SVD). The number of retained regressors was determined in a data-dependent manner (covariance matrix condition number <50). Time series were also extracted from noisy (temporal s.d. >2.5% relative to the wholebrain mode) voxels in the extra-axial space (excluding the eyes) and similarly dimensionality-reduced using SVD. The mean number of nuisance regressors derived from white matter, ventricles, and the extra-axial space was, respectively, 8, 5, and 15. The final set of nuisance regressors also included the 6 parameters derived from rigid body head-motion correction, the global signal (GS) averaged over the (FreeSurfer-segmented) brain, and the GS temporal derivative.
Resting-State Functional Connectivity Analysis (RS-FC)
Conventional RS-FC was computed in terms of voxel pairs. Voxels were defined by dividing the gray matter mask in atlas space into 6526 (6 mm) 3 cubic regions of interest restricted to gray matter with full brain coverage, including the cerebellum (Mitra et al. 2015) . Each voxel was assigned to 1 of 7 resting-state networks (Hacker et al. 2013) . Only the 1065 voxels with over a 95% probability of belonging to one of these networks are shown in the correlation matrices. A map of the voxels and their network assignments is shown in Supplementary Figure S2 . Functional connectivity was conventionally assessed in terms of Pearson correlations between time series extracted from voxel pairs.
Resting-State Lag Analysis (RS-LA)
Our method for computing lags between time series has been previously published ). Conventional seedbased correlation analysis involves computation of the Pearson correlation, r, between the time series, x 1 ðtÞ; extracted from a seed region, and a second time series, x 2 ðtÞ; extracted from some other locus [single voxel or region of interest (ROI)]. Thus, where σ x1 and σ x2 are the temporal standard deviations of signals x 1 and x 2 ; and T is the interval of integration. Here, we generalize the assumption of exact temporal synchrony and compute lagged cross-covariance functions. Thus,
where τ is the lag (in units of time). The value of τ at which C x1x2 ðτÞ exhibits an extremum defines the temporal lag (equivalently, delay) between signals x 1 and x 2 (Konig 1994) . Although crosscovariance functions can exhibit multiple extrema in the analysis of periodic signals, BOLD time series are aperiodic (Maxim et al. 2005; He et al. 2010 ) and almost always give rise to lagged cross-covariance functions with a single, well-defined extremum, typically in the range ±1 s. We determine the extremum abscissa and ordinate using parabolic interpolation . Given a set of n time series, fx 1 ðtÞ; x 2 ðtÞ; Á Á Á ; x n ðtÞg; extracted from n voxels, finding all τ i;j corresponding to the extrema, a i;j ; of C x i x j ðτÞ yields the antisymmetric, time-delay matrix:
The diagonal entries of TD are necessarily zero, as any time series has zero lag with itself. Moreover, τ i;j ¼ Àτ j;i ; since time series x i ðtÞ preceding x j ðtÞ implies that x j ðtÞ follows x i ðtÞ by the same interval. The voxels used are the (6 mm) 3 cubic regions described in the RS-FC methodology (Mitra et al. 2015) . We projected the multivariate data represented in the TD matrix onto one-dimensional maps using the technique described by Nikolic and colleagues (Schneider et al. 2006; Nikolic 2007) . We refer to these one-dimensional maps as lag projections. Operationally, the projection is computed as the mean across the columns of TD (eq. 3), that is,
Group-level lag projections were obtained by computing each lag projections individually (averaging across temporally contiguous epochs) and then averaging.
Statistical Analysis
Pearson correlations were Fisher z-transformed prior to statistical significance testing. Statistical significance of ASD vs. TD differences in spatial maps derived using both RS-LA and RS-FC was assessed on a cluster-wise basis using threshold-extent criteria computed by extensive permutation resampling (Hayasaka and Nichols 2003; Hacker et al. 2012 ). This nonparametric approach to significance testing applies equally well to RS-LA maps and conventional results obtained by seed-based RS-FC. In Figure 2 , two-sample t-tests were applied to compute the statistical significance of correlations between lag values and behavioral measures. Lag values extracted from 3 regions were correlated against 2 behavioral measures in 2 subpopulations (ASD and typical adults). Thus, P-values in Figure 2 were corrected for 3·2·2 = 12 multiple comparisons.
Results
Resting-State Lag Analysis
Figure 1 shows lag projection maps in typical young adults (Fig. 1A ) and high-functioning young adults with ASD (Fig. 1B) . Lag projection maps show whether a voxel is, on average, early (blue) or late (red) compared with the rest of the brain (see Methods). Statistically significant lag differences were identified in right frontopolar cortex, predominantly right occipital cortex, and bilateral putamen (Fig. 1C) . Frontopolar cortex is a late structure in typical adults ) (red hues in Fig. 1A) but not in the ASD cohort (Fig. 1B) . Although the frontopolar lag effect was statistically significant only in the right hemisphere, a similar finding was present also in the left hemisphere. Occipital cortex is early in typical adults (Fig. 1A) but late in the ASD cohort (Fig. 1B) , especially in the right hemisphere. Finally, RS-LA values in putamen are near zero in typical adults (Fig. 1A ) but significantly negative (early) in the ASD cohort (Fig. 1B) . These results can be summarized as follows: 1) frontopolar cortex is late with respect to the rest of the brain in typical adults but not ASD; 2) occipital cortex is early in typical adults but late in ASD; 3) putamen is a mid-latency (lag values near zero) in typical adults, but very early in ASD.
Having identified focal regions of altered propagated intrinsic activity in ASD, we asked whether individual differences in lag maps correlate with behavioral measures. Frontopolar cortex has been variably assigned to the frontoparietal control network (FPC) or the ventral attention network (VAN) (Dosenbach et al. 2007; Shulman et al. 2010; Hacker et al. 2013) . Both the FPC and the VAN are associated with allocation of attentional resources. Accordingly, we tested the relationship between frontopolar cortex lag ( Fig. 2C) and attention problem scores, as measured by the adult behavior checklist (ABCL) or childhood behavior checklist (CBCL), depending on the age of the participant. Lag values in right frontopolar cortex were strongly anticorrelated with attention problem scores within the ASD cohort ( Fig. 2A) . Thus, relative earliness in frontopolar cortex was associated with attentional deficits. The same relationship was observed across all participants (ASD + TD) (Fig. 2B) . Occipital cortex lag and putamen lag each exhibited weaker, nonsignificant correlations with attention problem scores in the ASD cohort (r = 0.08, P = 0.72; r = −0.12, P = 0.58, respectively). Thus, the relation between attention problem scores and lag is spatially restricted to frontopolar cortex.
The putamen is associated with abnormal motor behaviors in ASD (Hollander et al. 2005; Langen et al. 2007 ). Accordingly, we examined putamen lag in relation to the SRS-restricted interest and repetitive behavior score. Putamen lag values were significantly anticorrelated with this measure in the ASD group (Fig. 2C) . The same relation was observed when comparing across typical adults and adults with ASD (Fig. 2D) . Figure 1 demonstrates that putamen is an abnormally early in ASD. Therefore, these data suggest that individuals in whom putamen is a stronger source of propagated intrinsic activity are more likely to exhibit repetitive behaviors and restricted interests. Occipital cortex lag and frontopolar cortex lag each exhibited weaker, nonsignificant relationships with SRS-restricted interest and repetitive behavior scores in our ASD cohort (r = 0.35, P = 0.10; r = −0.15, P = 0.49, respectively). Thus, the relation between repetitive behavior score and lag is spatially restricted to the putamen.
The behavioral correlates of occipital lag abnormalities in ASD are not clear. One possibility is altered performance in visual perceptual tasks (Belmonte and Yurgelun-Todd 2003) . However, as such measures were not available in this cohort, we did not identify a behavioral correlate of the occipital lag effect.
Since the manifestations of ASD may differ in females versus males (Baron-Cohen 2002; Baron-Cohen et al. 2005) , we performed several control analyses to check that gender was not responsible for the effects described earlier. First, we repeated the analysis in Figure 2 using lag maps derived from only males, in both the TD and ASD groups (Supplementary Fig. S3 ). Statistically significant lag differences were again found in right frontopolar cortex and predominantly right occipital cortex. The main consequence of limiting the analysis to males was loss of statistical significance in left putamen attributable to the reduced population size. Next, we regressed gender out of the results shown in Figure 2A ,C and obtained the following correlations: (2A) r = −0.51, (2C) r = −0.56. Each of these results is statistically significant (P < 0.05) after regressing out the effects of gender. The distributions of data points representing females in the scatter plots (circled in Fig. 2A,C ) also show that gender is not responsible for the observed correlations.
Resting-State Functional Connectivity
Conventional RS-FC, computed using (6 mm) 3 cubic gray matter voxels, ordered by network affiliation (see Methods and Supplementary Fig. S2 ), are shown in Figure 3 . Visual inspection reveals little difference between RS-FC in typical adults and high-functioning adults with ASD (Fig. 3A) . To quantitatively test for ASD versus TD group differences, we computed mean intra-RSN RS-FC correlations (mean Pearson r values collapsed over diagonal blocks). Figure 3B shows minimal differences between typical adults and ASD. The largest difference was observed in the language network (P = 0.02, two-sided t-test). However, even this effect was not statistically significant after correction for multiple comparisons (7 comparisons). To examine whole-brain zero-lag correlation effects at the group level, the 6526 × 6526 correlation matrices computed in the TD and ASD groups were differenced. We then applied principal components analysis (PCA) to the correlation difference matrix. If a detectable group difference is present, then one or more principal components (PCs) will exceed the fraction of variance explained by the 95th percentile of the null-distribution (computed through permutation re-sampling across groups; see Fig. 3C caption) . However, Figure 3C demonstrates that no principal components met this criterion. Thus, we did not find a detectable group difference in zero-lag correlation structure. For comparison, we applied the same approach to the difference time-delay matrix computed between groups ( Supplementary Fig. S4 ) and found 1 significant principal component ( Supplementary Fig. S4A ). The topography of the principal Fig. S4B ) includes the same regions found by the cluster-level significance analysis (Fig. 1C) . Finally, we also computed conventional voxel-wise correlation maps using as seeds the voxels identified by RS-LA (Fig. 1C) to determine whether RS-FC is altered in right frontopolar cortex, occipital cortex, and putamen (Fig. 4) . No statistically significant group differences were found using the same cluster-oriented statistical methodology represented in Figure 1C . The minimum effect size our sample was powered to detect was a Pearson r difference of 0.08 in a cluster of at least 95 voxels. We note that the present null finding does not exclude the possibility that significant ASD versus TD differences in conventional FC might be demonstrated with larger cohorts.
Discussion
Summary of Present Findings
We applied a recently described resting-state lag analysis (RS-LA) technique to study patterns of propagated intrinsic RS-fMRI activity in typically developing (TD) adults and high-functioning adults with ASD. We found focal differences in right frontopolar cortex, occipital cortex ( predominantly in the right hemisphere), and putamen bilaterally. Differences in RS-LA correlated with behavioral scores. RS-LA effects in frontopolar cortex and putamen specifically correlated, respectively, with deficits in attention and repetitive motor behaviors. In contrast, we found no statistically significant differences in the topography or magnitude of conventionally assessed resting-state FC. Our results suggest that abnormal brain function in ASD manifests more robustly as alterations in the lag structure of intrinsic activity (RS-LA) than in changes in the zero-lag correlations of intrinsic activity (RS-FC). Importantly, since the changes in lag are small (∼500 ms; Fig. 2 ) in comparison with the temporal scale of BOLD fMRI fluctuations, alterations in the lag structure of intrinsic activity can occur independently of changes in conventional FC (Fig. 4) .
Resting-State Functional Connectivity (RS-FC)
It is widely believed that altered brain circuitry underlies the behavioral manifestations of ASD (Courchesne and Pierce 2005; Geschwind and Levitt 2007; Just et al. 2012; Stevenson et al. 2014) . Resting-state functional neuroimaging has been used to investigate this hypothesis, but the results have been variable and often contradictory (Deen and Pelphrey 2012; Di Martino et al. 2013; Tyszka et al. 2013; Uddin et al. 2013) . Phenotypic heterogeneity in ASD undoubtedly contributes to variability in reported fMRI findings. However, and just as importantly, head motion has been, until recently, an underappreciated source of artifact in resting-state fMRI studies (Power et al. 2012 (Power et al. , 2014 . The most consistently reported finding in ASD has been reduced long-distance FC (Courchesne and Pierce 2005; Cherkassky et al. 2006; Just et al. 2007 Just et al. , 2012 Assaf et al. 2010; Rudie et al. 2012; Washington et al. 2014) . However, most of these reports antedate clear demonstrations that head-motion introduces artifacts in RS-fMRI that reduce long-distance FC (Deen and Pelphrey 2012; Power et al. 2012 Power et al. , 2014 . More recent work, incorporating appropriate controls for head motion, has found largely typical patterns of RS-FC in high-functioning adults with ASD (Deen and Supplementary Fig. S2 ). (B) Mean intranetwork correlation is shown for each network in each population. Blue represents typical adults; red represents high-functioning adults with ASD. FC in the language network is lower in ASD, but the P-value of this effect (P = 0.02) does not survive correction for multiple comparisons (7 networks = 7 comparisons). (C) Eigenspectrum derived from applying PCA to the difference correlation matrix (ASD minus TD), computed over the whole brain (6526 voxels). The eigenspectrum shows the percent variance, of the difference correlation matrix, accounted for by each principal component (PC). Nonzero eigenvalues are generated by noise even in the absence of a true group difference. Statistical significance therefore is assessed by permutation resampling across groups to compute the null-distribution corresponding to chance. PCs whose variance explained exceeds the 95th percentile of the null-distribution (red line) are statistically significant. Thus, there are no statistically significant PCs in the present data. Pelphrey 2012; Redcay et al. 2013; Tyszka et al. 2013 ) although there persists disagreement on this point (Di Martino et al. 2013 ). The present work applies frame censoring and extensive de-noising to minimize artifacts. Our RS-FC results reveal no statistically significant, large-scale group differences in conventional RS-FC (Figs 3 and 4) . These results do not necessarily establish that there are no differences, only that the effect size of these differences must be smaller than the present study is powered to detect. However, our results do indicate that RS-FC differences attributable to ASD, if they exist, are relatively subtle. Additionally, similar RS-FC between groups implies that the quality of the RSfMRI data is comparable in the ASD and TD samples.
Resting-State Lag Analysis (RS-LA)
RS-LA revealed highly significant, focal differences in RS-fMRI lag structure in ASD. The interpretation of this result relies on the physiology underlying patterns of temporal lag in intrinsic activity. Apparent propagation of low-frequency (<1 Hz) spontaneous activity over 100s of milliseconds, inferred on the basis of temporal lag, has been extensively described in the rodent brain using various modalities, including whole cell recordings (Hahn et al. 2006) , local field potentials (Sirota et al. 2003; Luczak et al. 2007 ; Sheroziya and Timofeev 2014), voltage sensitive dyes (Ferezou et al. 2007; Mohajerani et al. 2010 Mohajerani et al. , 2013 , and calcium imaging (Stroh et al. 2013 ). The mechanisms underlying slow propagation of intrinsic activity are still not well understood; potential mechanisms include balance in excitatory:inhibitory activity (Sheroziya and Timofeev 2014) as well as astrocytic signaling (Cossart et al. 2003) . Despite the wealth of evidence across modalities demonstrating slow apparent propagation of low-frequency activity, concern lingers that regional variations in the latency of neurovascular coupling could largely account for the lag structure of RS-fMRI (Handwerker et al. 2004; Friston 2009 ). Although vascular and neuronal contributions to observed lag structure cannot be separated on the basis of the BOLD signal alone, we can adjudicate between a primarily neuronal versus primarily vascular explanation for observed lag structure differences by considering the plausibility of each of these explanations in the context of past and present results.
First, we have previously reported focal task-related changes in resting-state lag structure by comparing resting-state activity before and after task blocks . A vascular explanation for this result implies focal changes in the dynamics of neurovascular coupling over many minutes. There is no evidence for such focal "vascular memory". On the other hand, it is highly plausible that task performance leaves a neural trace which manifests as altered propagation of intrinsic activity. In fact, such traces must underlie episodic memory and skill acquisition (Albert et al. 2009; Holleman and Battaglia 2015) .
Second, let us suppose that regional differences in neurovascular coupling delays do exist. We further assume that neural processes are effectively simultaneous, neglecting axonal conduction delays on the order of tens of milliseconds (Vicente et al. 2008) . Then, RS-fMRI lag structure hypothetically could arise because some regions transduce neural activity into a BOLD signal before other regions. These regional differences in neurovascular coupling kinetics can be expressed as a lag map. Importantly, if the entirety of RS-fMRI lag structure were attributable to a single set of regionally dependent neurovascular coupling delays, the dimensionality of RS-fMRI lag structure would be exactly 1 [for mathematical proof, see appendix in Mitra et al. [2014] ). However, we have recently shown that RS-fMRI lag structure has high-dimensionality and consists of multiple temporally lagged processes (Mitra et al. 2015) . This result demonstrates that hemodynamic factors cannot account for the entirety of RS-fMRI lag structure (for further discussion of dimensionality and lag structure as it relates to hemodynamics, please see Mitra et al. [2015] ).
Finally, our results demonstrate focal group differences in RS-fMRI lag structure that correlate with behavioral measures (Fig. 2) . A primarily vascular explanation for this finding would suggest that there are differences in neurovascular dynamics between ASD versus TD individuals and that the extent of these vascular differences is related to behavior. However, as far as we are aware, there have been no reports of focally altered neurovascular dynamics in ASD. In fact, BOLD fMRI responses have been reported to be largely identical in individuals with simplex ASD and age-matched TD adolescents (Feczko et al. 2012) . In contrast, a neuronal explanation suggests that neuronal communication is altered in ASD versus TD adults, a hypothesis that has been widely articulated (Geschwind and Levitt 2007) . Therefore, we believe that focal differences in RS-fMRI lag structure in ASD are more likely to represent alterations in the apparent propagation of intrinsic activity as opposed to differences in neurovascular coupling. Future direct tests combining other modalities with fMRI will be necessary to definitely test this perspective. The regions identified in this study, frontopolar cortex, putamen, and occipital cortex, have previously been reported as areas that may contribute to the behavioral symptoms of ASD. The frontopolar regions are nodes of the VAN, as defined by some reports (Fox et al. 2006; Hacker et al. 2013) . Other schemes assign these regions to the FPC (Dosenbach et al. 2007; Vincent et al. 2008) ; both networks are involved in the regulation of attention. The ventral attention system is recruited by the orienting response (Corbetta and Shulman 2002; Bressler et al. 2008 ). Selective attention is impaired in ASD (Ciesielski et al. 1990; Burack 1994; Belmonte and Yurgelun-Todd 2003) ; this deficit has previously been attributed to prefrontal areas, including the frontopolar cortex, on the basis of aberrant cortical organization (Casanova et al. 2002; Stoner et al. 2014) , genetics (Geschwind and Levitt 2007) , and neuroimaging (Courchesne and Pierce 2005; Just et al. 2007 Just et al. , 2012 . Our data suggest that the network affiliation of frontopolar cortex, as determined by RS-FC, is unaltered in ASD (Fig. 4A ) but that this region does not play its normal role as a destination for propagated intrinsic activity (Fig. 1) . The relationship between frontopolar lag and attention deficits ( Fig. 2A,B) suggests that the status of this region as late with respect to the rest of the brain ( positive lag values) underlies this region's attention-related functions. Individuals in whom frontopolar cortex is not a destination of intrinsic activity (less positive values in Fig. 2A,B) have, in general, higher attention problem scores. The ASD versus TD lag difference in frontopolar cortex is bilateral but stronger (and statistically significant) in the right hemisphere (Fig. 1) . This lateralization may be related to the fact that the VAN is right lateralized in typical subjects (Fox et al. 2006; Shulman et al. 2010) .
Repetitive behaviors have been associated with striatum across a range of neuropsychiatric disorders, including obsessive-compulsive disorder (Rauch et al. 1997) , schizophrenia (Meyer-Lindenberg et al. 2002) , Tourette syndrome (Saka and Graybiel 2003) , and ASD (Sears et al. 1999; Hollander et al. 2005) . Several studies have reported increased striatal volume in ASD, including in the putamen, independent of wholebrain volume (Hollander et al. 2005; Haznedar et al. 2006; Rojas et al. 2006; Langen et al. 2007 ), although at least one study did not find this effect (Gaffney et al. 1989 ). In the present data, lag values in putamen were near zero in typical adults (Fig. 1) , indicating that the putamen normally is a weak source of propagated intrinsic activity. In ASD, lag values in the putamen were strongly negative, indicating that putamen is a strong source of propagated intrinsic activity in ASD. More negative putaminal lag values in ASD were correlated with higher repetitive behavior scores (Fig. 2C,D) . This result suggests that increased RS-fMRI activity propagation from putamen is related to a more severe repetitive behavior phenotype.
Our analysis also revealed significant changes in occipital lag. The possible behavioral correlates of this finding are not clear. Diminished gaze fixation is one of the core features of autism (Ozonoff et al. 2010; Jones and Klin 2013) . Altered facial processing in ASD has been linked to aberrant function in occipital cortex, among other areas (Pierce et al. 2001; Dalton et al. 2005) . Differences in visual perceptual tasks, visual attention tasks, and visual receptive fields have also been reported in ASD (Belmonte and Yurgelun-Todd 2003; Schwarzkopf et al. 2014) . Thus, although occipital cortex may be relatively spared in ASD from the structural perspective (Carper et al. 2002; Stoner et al. 2014) , there exists clear evidence of altered neuronal function. Future directed studies are required to follow up on the present occipital findings.
On the Continuous Distribution of ASD-Related Traits
Abundant evidence suggests that autism represents extreme manifestations of behavioral traits that are continuously distributed within the human population (Waterhouse et al. 1996; Constantino et al. 2000 Constantino et al. , 2004 Spiker et al. 2002; Constantino and Todd 2003; Constantino 2011) . The distributions of behavioral measures (x-axes) shown in Figure. 2B,D support this principle. Importantly, the distributions of RS-LA values (y-axes) also show no evidence of separable clusters (Fig. 2B,D) . This finding suggests that, along with behavioral traits, the underlying differences in neural function in ASD also represent one tail of a continuous distribution.
Limitations
One set of limitations of the present work arises from technical and interpretive aspects of RS-LA . Because of the need for dimensionality reduction, all present RS-LA analyses were conducted on (6 mm) 3 cubic voxels. Thus, the spatial resolution of RS-LA is somewhat limited in comparison with fMRI. Also, RS-LA is subject to lateness bias near large venous structures, for example, the superior sagittal sinus . However, such biases theoretically should not impact comparisons across groups. In particular, there is no reason to suppose that ASD is associated with altered venous anatomy. Our investigation of the behavioral correlates of altered lag is limited to the behavioral measures collected in the present study. These measures were generic (e.g., SRS) and not designed to test RS-LA-driven hypotheses. More extensive behavioral testing for functions associated with frontopolar cortex, putamen, and occipital cortex are needed. Finally, the modest sample size of the present study limits our power to detect small TD versus ASD differences. However, our results do suggest that alterations in propagated intrinsic activity in ASD are more robust than alterations in conventional RS-FC. Therefore, we believe that RS-LA offers a promising avenue of investigation for better understanding the pathophysiology underlying ASD.
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